Human cytomegalovirus (HCMV) is a ubiquitous pathogen that undergoes latency in cells of the hematopoietic compartment, though the mechanisms underlying establishment and maintenance of latency remain elusive. We previously reported that the HCMV-encoded G-protein coupled receptor (GPCR) homolog, US28 is required for successful latent infection. We now show that US28 protein (pUS28) provided in trans complements the US28Δ lytic phenotype in myeloid cells, suggesting that sustained US28 expression is necessary for long-term latency. Furthermore, expression of pUS28 at the time of infection represses transcription from the major immediate early promoter (MIEP) within 24 hours. However, this repression is only maintained in the presence of continual pUS28 expression provided in trans. Our data also reveal that pUS28mediated signaling attenuates both expression and phosphorylation of cellular fos (c-fos), an AP-1 transcription factor subunit, to repress MIEP-driven transcription. AP-1 binds to the MIEP and promotes lytic replication, and in line with this, we find that US28Δ infection results in an increase in AP-1 binding to the MIEP, compared to wild type latent infection. Pharmacological inhibition of cfos represses the MIEP during US28Δ infection to similar levels we observe during wild type latent infection. Together, our data reveal that US28 is required for both establishment and long-term maintenance of HCMV latency, which is modulated, at least in part, by repressing functional AP-1 binding to the MIEP.
associated genes still remain unclear. However, genes such as UL135, UL138, US28, 24
LAcmvIL-10 (latency-associated HCMV IL-10 homolog), latency unique natural antigen 25 (LUNA), and UL144 play a role in maintaining HCMV latency and subsequent 26 reactivation (29). HCMV also manipulates cellular factors to maintain latent infection, 27
including cellular microRNAs (30), cell surface protein expression (31- 34) , and the 28 cellular secretome (35). Chromatinization of the major immediate early promoter (MIEP) 29 during latency contributes to securing extended viral transcriptional silencing and 30 establishment of latency (36), yet how this occurs is still under investigation. 31
32
The HCMV US28 gene is transcribed during both lytic and latent infection, during 33 which the protein aids in securing latency in undifferentiated myeloid cells (37, 38) . The 34
US28-encoded protein (pUS28) is one of four G-protein coupled receptors (GPCRs) 35 encoded by the HCMV genome (39) and is a potent signaling protein in the context of 36 lytic infection (40). pUS28 is incorporated into the mature viral particle (37) and 37 transcripts are expressed during both experimental (11, 15, 37, 38, (41) (42) (43) (44) and natural 38 latency (42, 45, 46) . Although it is clear that pUS28 is necessary for HCMV latency (37, 39 38) , whether this protein is required for the establishment and/or the maintenance of 40 latency remains unknown. In this current study, we report that pUS28 functions to both 41 establish and maintain viral latency. Additionally, our data reveal that pUS28 attenuates 42 cellular fos (c-fos), a component of the AP-1 transcription complex that binds to the 43 reveal a novel mechanism by which pUS28 coopts the host cell to silence MIEP-driven 46 transcription and secure viral latency. Transfection Reagent (Promega), as detailed above. The clarified media was then 60 concentrated 50X by ultracentrifugation at 82,700 x g at 4°C for 60 minutes (min), after 61 which the pellet was resuspended in X-VIVO15 (Lonza). The concentrated pSLIK-hygro 62 or pSLIK-US28-3xF lentiviral particles were then used to infect 5 x 10 5 THP-1 cells per 63 condition by centrifugal enhancement for 1 hour (h) at room temperature at 1000 x g. 64
Successfully transduced cells were selected with 450 µg/ml hygromycin, after which cell 65 debris was removed by cushioning cells onto Ficoll Paque™ PLUS (GE Healthcare Life 66 Sciences) for 35 min at room temperature at 450 x g without the brake. 67
RNA and Protein Analyses. For details on RNA and protein analyses, see SI 69
Appendix, SI Materials and Methods. 70
Infection of THP-1, Kasumi-3, and CD34 + cells. THP-1 cells were infected as 72 described elsewhere (47). In brief, 1 x 10 6 cells were infected at a multiplicity of 1 73 TCID 50 /cell by centrifugal enhancement at 450 x g for 35 min, without the brake, at room 74 temperature. Infections were then returned to the culture conditions described in the SI 75
Materials and Methods for an additional 75 min, after which the cells were washed with 76 1X PBS, replated, and incubated in X-VIVO15 media as indicated in the text. 77 Doxycycline (DOX) induction of pUS28 expression, where stated, was performed 48 h 78 prior to infection by adding 1 µg/ml DOX to 1 x 10 7 cells in RPMI. After infection, 79
transduced THP-1 cells were washed and replated in X-VIVO15 media with 1 µg/ml 80 DOX. During the course of infection, transduced THP-1 cells were treated with DOX 81 every two days after infection, and media was changed every 5 days (d), where cellular 82 debris was removed by centrifuging cells onto Ficoll Paque™ PLUS (GE Healthcare Life 83 Sciences) for 35 min at room temperature at 450 x g without the brake. 84
85
Kasumi-3 cells were infected as described previously (22, 30, 37) . Briefly, cells 86 were serum starved in X-VIVO15 48 h prior to infection, and then infected at a 87 multiplicity of 1.0 TCID 50 /cell by centrifugal enhancement (1000 x g, 35 min, room 88 temperature, with no brake) in X-VIVO15. The following day, cells were treated with 89 trypsin to remove any virus that had not entered the cell, and then cushioned onto 90
Ficoll-Pacque (GE Healthcare) to remove residual virus and debris. Infected cells were 91 washed with 1X PBS, replated in X-VIVO15, and harvested as indicated in the text. 92 93 Isolation of CD34 + HPCs is described in detail elsewhere (48). Immediately 94 following isolation, CD34 + HPCs were infected at a multiplicity of 2.0 TCID 50 /cell, as 95 previously described (22, 30, 37, 48) , in infection media consisting of IMDM (Corning) 96 supplemented with 10% BIT9500 serum substitute (Stem Cell Technologies), 2 mM L-97 glutamine, 20 ng/ml low-density lipoproteins, and 50 µM 2-mercaptoethanol. The next 98 day, cultures were washed three times in 1X PBS, and replated in 0.4µm pore 99 transwells over irradiated stromal cells in hLTCM, as described previously. centrifugation. DNA was sheared to 0.3-1 kB fragments with a MiSonix Sonicator 3000 114 (20% output, 0.5 s on/off, 1 min) and aliquots stored as input controls. DNA associated 115 with AP-1 was immunoprecipitated with either normal rabbit serum (Cell Signaling) or 116 anti-fos (ChIP grade; Cell Signaling, diluted 1:100) using protein A agarose (Millipore 117 Sigma). DNA was eluted by boiling and was followed by proteinase K treatment. DNA 118 from disrupted nucleosomes was precipitated and used in PCR with primers directed at 119 the MIEP or the UL69 non-promoter region (49) (Supplemental Appendix, Table S1 ). 120
121
Results 122
Exogenous pUS28 expression rescues the lytic growth phenotype in US28Δ-123 infected myeloid progenitor cells 124
To begin to understand the role of US28 during establishment and/or maintenance of 125 latency, we transduced THP-1 cells with a lentiviral construct (pSLIK-US28-3xF) that 126 allows for inducible expression of pUS28 fused to a C-terminal triple FLAG epitope tag. 127
We first assessed the efficiency of pUS28 expression in this system by treating THP-1-128 pSLIK-US28-3xF or THP-1-pSLIK-hygro cells with or without DOX and then harvested 129 the cells over 24 h. We detected pUS28 expression within 1 h of induction, with the 130 most robust expression observed 24 h post-treatment. Importantly, the expression of 131 pUS28 is tightly regulated in this inducible system, as we did not observe pUS28 in the 132 absence of DOX ( Fig 1A) . Additionally, to understand pUS28 degradation kinetics in this 133 system, we treated THP-1-pSLIK-US28-3xF cells with DOX for 24 h (day 0), then 134 washed the cells to remove the DOX, and harvested these cells every 2 d for 6 d to monitor pUS28 levels. Our findings indicate that pUS28 is significantly degraded 2 d 136 after the removal of DOX and is undetectable by d 4 ( Fig 1B) . 137
138
We have previously shown that the deletion of the US28 ORF results in a lytic 139 rather than latent infection of both Kasumi-3 and CD34 + HPCs (37) . Thus, to determine 140 if pUS28 provided in trans could complement this phenotype, we infected THP-1-pSLIK-141 US28-3xF cells in the presence or absence of DOX with either TB40/EmCherry (WT) or 142 TB40/EmCherry-US28Δ (US28Δ). We collected the cells 7 dpi and assessed viral lytic 143 gene expression (UL123), as this serves as an indicator of MIEP activity level, and thus 144 is a proxy for distinguishing a latent versus a lytic phenotype. Indeed, we found that 145 DOX-induced THP-1-pSLIK-US28-3xF cells infected with US28Δ resulted in similar 146 levels of UL123 transcript levels when compared to WT infections ( Fig 1C) . This finding 147 suggests that pUS28 expression helps to maintain the suppression of viral lytic gene 148 expression. 149
pUS28 expression at the time of infection fails to maintain MIEP repression 151
Our previous findings revealed that pUS28 is incorporated into the mature viral particle 152 and is delivered to Kasumi-3 cells upon infection (37) . Thus, we hypothesized that 153 virion-delivered pUS28 may function early post-infection to aid in establishing a latent 154 infection in myeloid cells. To test whether virion-delivered pUS28 could establish and/or 155 maintain latent infections, we generated a pUS28 complemented recombinant virus, 156 which incorporates pUS28 into the virion, but lacks the US28 ORF (TB40/EmCherry-( Fig S1A, S1B ). We confirmed that US28comp virus incorporates pUS28 into the virion 159 ( Fig S1C) and that it does not express de novo US28 mRNA after infection of NuFF-1 160 cells ( Fig S1D) . We noticed that pUS28 expression is marginally lower in US28comp 161 virus in comparison to US28-3xF virion incorporated pUS28 ( Fig S1C) , which could be 162 due to pUS28 expression levels in the complementing cell line. Nonetheless, these data 163
show that US28comp incorporates pUS28 into the mature viral particle, but unable to 164 produce de novo pUS28 upon subsequent infection. 165
166
Using this novel, complemented virus, we asked if virion-delivered pUS28 was 167 capable of suppressing lytic gene expression in conjunction with our THP-1 cells 168 overexpressing US28. To this end, we treated THP-pSLIK-US28-3xF with or without 169 DOX and then infected them with WT, US28Δ, or US28comp and either maintained 170 DOX treatment for 12 d, or removed DOX treatment after infection. We found that low 171 UL123 expression correlated with the maintenance of pUS28 expression, either by DOX 172 treatment or by infection with WT virus. However, in cultures where pUS28 was not 173 continually expressed for the duration of the experiment, UL123 expression was 174 significantly higher (Fig 2A) . This demonstrates that pUS28 expression must be 175 sustained in order to maintain repression of MIEP-driven transcription during HCMV 176 infection of monocytic cells. Correlating with these findings, UL99 expression followed a 177 similar pattern to UL123 ( Fig 2B) . We also assessed the ratio of UL138/UL123 mRNA 178 expression (22, 37) to discern those cultures that favor a latent transcriptional profile cells that were cultured in the absence of exogenous pUS28 expression were 182 significantly lower than the same cultures that received DOX after infection, as well as 183 the WT-infected cells, regardless of treatment ( Fig 2C) . Together, these findings argue 184 that virion-delivered pUS28, or pUS28 expressed only at the time of infection, fails to 185 maintain the suppression of lytic gene transcription. 186
pUS28 expression results in repression of MIEP-driven transcription 188
Based on our above findings, we hypothesized that pUS28 functions to repress the 189 MIEP, both at early time points after infection to establish latency as well as throughout 190 infection to maintain latency. To test this, we pre-treated THP-1-pSLIK-US28-3xF cells 191 with or without DOX for 48 h to induce pUS28 expression. We then infected these cells 192 with either WT or US28Δ (multiplicity of infection [moi] = 1.0) and cultured the cells for 7 193 d, with or without continued DOX treatment. Cells were then washed and DOX 194 treatment was either maintained or reversed for each culture, as indicated. We 195 observed that continual pUS28 expression throughout infection maintained repression 196 of the MIEP, as measured by UL123 for WT-versus US28Δ-infected cells cultured in 197 the presence of DOX ( Fig 3A) . Secondly, removal of DOX-induced pUS28 expression 198 after 7 d of treatment led to a de-repression of UL123 transcription by the end of the 199 assay at day 14 ( Fig 3A) , thus confirming the requirement for pUS28 in maintaining 200 repression of MIEP-driven transcription. Finally, we observed that introduction of DOX-201 induced pUS28 expression for the last 7 d in US28Δ-infected cells, initially cultured in 202 the absence of DOX, lead to an intermediate phenotype ( Fig 3A) , suggesting that 203 introduction of DOX-induced pUS28 expression later in infection can repress MIEP-204 driven transcription. 205
206
We also assessed the expression of UL99, an HCMV gene associated with late 207 lytic infection, and found this gene is also repressed in response to pUS28 expression 208 ( Fig 3B) . Interestingly, when pUS28 expression is induced by DOX treatment for the first 209 7 d of infection followed by DOX withdrawal, UL99 mRNA expression increases, 210
although it does not reach the levels we observed in the absence of DOX-induced 211 pUS28 expression. In agreement with UL123, introduction of DOX-induced pUS28 212 expression only for the last 7 d of infection, leads to a reduction in UL99 mRNA 213 expression ( Fig 3B) . Taken together, these data suggest that the loss of pUS28 214 expression results in the de-repression of MIEP-driven UL123 expression, leading to 215 induction of the lytic lifecycle, including expression of the late gene products. 216
Furthermore, assessing the ratio of UL138/UL123 mRNA expression (22, 37) confirmed 217 the correlation between those cultures that favor a latent transcriptional profile (high 218 UL138/UL123 ratio) versus those that favor a lytic transcriptional profile (low 219 UL138/UL123 ratio) ( Fig 3C) . Additionally, pUS28 fails to repress lytic gene transcription 220 in differentiated THP-1 cells in which the virus lytically replicates (50) (Fig S2 and S3) , 221
suggesting that this effect is specific to undifferentiated cells. Together, these data 222 suggest that pUS28 suppresses lytic transcription in cells that support latency. Having observed that ectopic expression of pUS28 represses UL123 and UL99 227 expression in THP-1 cells, we asked whether pUS28 plays a role in suppressing lytic 228 gene transcription during latent infection of Kasumi-3 cells, a culture system that affords 229 us the ability to assess both functional latency and reactivation (22) . We asked if virion-230 delivered pUS28 was capable of suppressing lytic gene expression in the context of 231 infection and whether pUS28 contributes to the establishment of latency. We infected 232
Kasumi-3 cells with WT, US28Δ, or US28comp (moi = 1.0) and measured expression of 233 UL123, UL99, and UL138/UL123 over 12 d. Firstly, we observed a burst in UL123 and 234 UL99 mRNA expression following WT infection, which peaked 3 dpi ( Fig 4A, 4B) , as 235 previously observed by others (11, 15, 51). UL123 and UL99 gene expression was 236 lower in Kasumi-3 cells infected with WT or US28comp viruses at this time point (Fig  237   4A, 4B ), suggesting that virion delivered pUS28 has a repressive effect on lytic 238 transcripts at early time points post-infection. 239 240 Subsequent to this initial burst of mRNA expression, transcription of these genes 241 decreased in the WT-infected cells compared to US28Δ-or US28comp-infected 242
Kasumi-3 cells. Additionally, UL123 expression stabilized in US28Δ-infected cells, at an 243 expression level that is higher than that of cells infected with WT ( Fig 4A) , suggesting 244 that pUS28 represses lytic gene transcription at early times post-infection of Kasumi-3 245 cells, at times consistent with the establishment of latency. Additionally, these data 246 suggest that continued pUS28 expression represses lytic gene transcription to 247 contribute to maintaining latency. Confirming this hypothesis, pUS28 that is delivered by 248
US28comp virus is capable of repressing UL123 and UL99 expression at early times post-infection ( Fig 4A, WT vs. US28comp at 3 dpi), but failed to repress these lytic gene 250 products from 6 dpi onwards ( Fig 4A and 4B ), suggesting that repression is diminished 251 after virion-delivered pUS28 is degraded. Finally, the ratio of UL138/UL123 significantly 252 lower in US28Δ-or US28comp-infected compared to WT-infected Kasumi-3 cells from 6 253 dpi through the duration of the experiment, supporting the findings that these cultures 254 display a more lytic phenotype (Fig 4C) . Overall, these data suggest that pUS28 255 represses MIEP-driven transcription, which helps to both establish and maintain latency. 256
pUS28 repression of the MIEP reduces virus production 258
Our data so far reveal that pUS28 suppresses lytic gene transcription in cells that 259 support viral latency. To determine if pUS28 aids in establishing and maintaining latent 260 infection, we took advantage of the in vitro Kasumi-3 cell and ex vivo primary cord 261 blood-derived CD34 + HPC latency models. First, we infected Kasumi-3 cells with WT, 262 US28Δ, or US28comp (moi = 1.0) and measured the production of infectious particles 263 by extreme limiting dilution assay (ELDA) by co-culture with fibroblasts, sampling every 264 3 dpi for 12 d. Our results indicate that US28comp-infected Kasumi-3 cells display a 265 similar phenotype to WT-infected Kasumi-3 cells until 6 dpi, after which the US28comp 266 infections reveal an intermediate phenotype, releasing significantly more virus than WT 267 infections, indicating a failure to maintain latency ( Fig 5A) . To confirm these findings in a 268 cell type that represents a natural site of HCMV latency, we infected cord blood-derived 269 CD34 + HPCs with WT, US28Δ, or US28comp (moi = 2.0) and cultured the cells for 12 d 270 under conditions that promote latency. We then harvested the cells for ELDA analysis 271 on naïve fibroblasts, as above. We found that US28comp-infected CD34 + HPCs produce infectious virions to similar levels as we observe in the US28Δ-infected CD34 + 273 HPCs ( Fig 5B) . Consistent with these data, viral lytic gene expression in Kasumi-3 cells 274 and CD34 + HPCs at 12 dpi revealed increased UL123 and UL99 in US28Δ-or 275
US28comp-infected cultures, compared to cells infected with WT ( Fig S4) . These data, 276
suggest that virion-delivered pUS28 contributes to establishing HCMV latency, however 277 it is not sufficient to maintain long-term latent infections, and therefore, sustained pUS28 278 expression is required to suppress viral replication. 279
pUS28 expression is sufficient to attenuate c-fos expression and signaling 281
Our previous findings revealed that pUS28 is a potent signaling molecule during the 282 context of infection (40). Thus, we hypothesized that pUS28's signaling capabilities 283 contribute to its function during latency. However, our previous work also noted that 284 pUS28-mediated signaling is cell type specific (40), making it difficult to extrapolate 285 such findings to hematopoietic cells. To begin to understand the pUS28-modulated 286 pathways and the mechanism underlying pUS28's contribution to establishing and 287 maintaining latency, we performed a PCR array analysis on THP-pSLIK-US28-3xF, 288 compared to control cells, treated with DOX for 24 h to induce pUS28 expression. This 289 analysis revealed a subset of statistically significant up-regulated and down-regulated 290 cellular genes ( Fig S5) . The most significantly up-regulated genes in the Pathway 291 Analysis were CHUK (conserved helix-loop-helix ubiquitous kinase; IKKα), HRAS, JAK2 292 (janus kinase 2), PIK3CB (phosphatidylinositol-4,5-bisphosphate 3-kinase catalytic fos, PIK3CA (PIK3C alpha), src, and STAT5A were the most significant down-regulated 295 genes in response to pUS28 expression ( Fig S5) . 296
297
We focused on c-fos since activation of c-fos results in the heterodimerization of 298 c-fos and c-jun to form the activator protein 1 (AP-1) complex, which binds to the MIEP, 299 thereby aiding in its transcriptional activation (52). Thus, we hypothesized that pUS28-300 mediated attenuation of c-fos transcription reduces AP-1 complex formation, thus 301 leading to the promotion of lytic transcription. We confirmed that c-fos expression is 302 reduced in transduced THP-1 cells upon induction of pUS28 by RT-qPCR ( Fig 6A) . We 303 also assessed c-jun expression, which is significantly downregulated during latent 304 infection of CD34 + HPCs and Kasumi-3 cells during HCMV infection (53). Interestingly, 305
we found pUS28 expression did not significantly impact c-jun (Fig 6A) , suggesting that 306 pUS28 specifically targets c-fos and not both AP-1 components, and that another as of 307 yet unknown viral factor likely targets c-jun. We found that pUS28 also reduces c-fos 308 protein expression and significantly decreases c-fos phosphorylation ( Fig 6B) . 309
Interestingly, pUS28 expression does not affect c-fos or c-jun expression in 310 differentiated THP-1 cells (Fig S7A) , suggesting that pUS28-mediated regulation of c-311 fos is specific to cells that support HCMV latency. 312 313
Latent expression of pUS28 signals to attenuate c-fos expression 314
To determine if pUS28-mediated signaling attenuates c-fos in the context of infection, 315
we took advantage of two additional US28 viral recombinants that alter the ability of 316 US28 to signal. US28-R129A has a single point mutation at amino acid position 129 in the canonical "DRY" motif (37) . Mutation of this motif from DRY to DAY prevents G 318 proteins from coupling to this domain, rendering this mutant 'G-protein signaling-dead' 319 (54). The US28ΔN recombinant lacks N-terminal amino acids 2-16 (37) and is unable to 320 interact with US28 ligands, though this mutant can still signal constitutively (54). We 321 generated each of these signaling mutants in the TB40/EmCherry-US28-3xF 322 background, and confirmed pUS28 expression during fibroblast infection with each 323 recombinant by immunoblot ( Fig S6A) . While there was a slight growth advantage with 324 the US28-R129A mutant at 8 dpi, there was no significant difference between either 325 mutant and wild type by 15 dpi (Fig S6B) . Next, we infected Kasumi-3 cells under 326 conditions that promote latency with WT, US28Δ, US28ΔN, or US28-R129A and 327 measured the release of infectious virus by ELDA. WT-infected cells established and 328 maintained a latent infection, while US28Δ-, US28-R129A-, and US28ΔN-infected cells 329 all resulted in significant lytic replication ( Fig 6C) , suggesting that chemokine binding 330 and agonist-dependent signaling is required. To determine if pUS28-mediated signaling 331 impacts c-fos expression, we latently infected Kasumi-3 cells with WT, US28Δ, 332 US28ΔN, or US28-R129A and measured c-fos expression 2 and 7 dpi. WT virus 333 attenuated c-fos expression as early as 2 dpi, whereas c-fos expression increased in 334 US28Δ-, US28-R129A-, and US28ΔN-infected cells (Fig S7B) . These findings were 335 amplified by 7 dpi, confirming that continued expression of pUS28 attenuates c-fos and 336 pUS28-mediated signaling is important for c-fos regulation ( Fig 6D) . 337
Given our observations that 1) pUS28 attenuates UL123 expression, 2) pUS28 338 attenuates c-fos expression and activation, and 3) there are AP-1 binding sites in the in a reduction of AP-1 binding to the MIEP. To this end, we infected Kasumi-3 cells with 341 WT or US28Δ and performed chromatin immunoprecipitation (ChIP) for AP-1 at the 342 MIEP at 2 and 7 dpi using an antibody directed at c-fos. Our data reveal an increase in 343 AP-1 bound to the MIEP in US28Δ-infected cells as early as 2 dpi (Fig S8) , which is 344 maintained through 7 dpi ( Fig 7A) . Finally, we reasoned that if pUS28-mediated 345 attenuation of c-fos signaling suppresses MIEP activation, then treatment of US28Δ-346 infected cells with a c-fos inhibitor should reduce MIEP activity. Infection of Kasumi-3 347 cells, with either WT or US28Δ in the presence of a c-fos inhibitor (T-5224) for 7 d 348 showed reduced UL123 expression in US28Δ-infected cultures (Fig 7B) , similar to 349 levels we observed in the presence of pUS28 exogenous expression ( Fig 6A) . 350
Additionally, this reduction in UL123 expression in the US28Δ-infected Kasumi-3 cells 351 results in a decrease in the production of infectious virus compared to its untreated 352 counterpart ( Fig 7C) . Together, these data show that WT virus significantly reduces AP- this study is a requirement for pUS28 during both the establishment and maintenance phases of HCMV latency, dictated, at least in part, by its manipulation of host encoded 364 c-fos. pUS28 also influences AP-1 binding to the MIEP, a cellular transcription factor 365 that is comprised of c-fos and c-jun subunits. Finally, pUS28-mediated attenuation of c-366 fos directly impacts MIEP-driven transcription. Our results reveal a novel mechanism by 367 which pUS28 functions to suppress MIEP-driven transcription to aid in the 368 establishment and maintenance of HCMV latency. 369 370 Viral establishment and maintenance of latency likely requires a multitude of 371 factors, and pUS28 is a key piece of the biological puzzle that balances latency and 372 reactivation. Suppression of the very strong lytic promoter, the MIEP, is a major 373 determinant for a successful latent infection, and pUS28 is certainly not the only viral 374 factor involved in this mechanism. Epigenetic silencing of the MIEP is well-established 375 and additional viral factors, including non-coding RNAs and proteins, clearly influence 376 cellular factors that regulate this viral promoter during infection of cells that support 377 latency (56). While host cell proteins like Ying Yang-1 (YY-1) and TRIM28/Kap-1 have 378 been shown to impact MIEP transcription and viral latency, the upstream factors that 379 lead to their regulation remain elusive, though it is attractive to speculate that viral-380 induced signaling, by way of pUS28, may be involved. 381 382 pUS28-mediated attenuation of the AP-1 transcription factor complex is specific 383 to c-fos, as c-jun was unaffected. In a recent collaboration, we found that c-jun 384 expression is significantly down-regulated during HCMV latent infection of both Kasumi-385 did not significantly alter c-jun expression. Together, these data suggest another viral 387 factor regulates c-jun transcript levels during latency. HCMV has therefore devised 388 multiple mechanisms to regulate the AP-1 complex, suggesting this transcription factor 389 is important to regulating latency. In addition to preventing AP-1 binding at the MIEP, it 390 will be interesting to further dissect the biological consequences of pUS28-mediated c-391 fos regulation. More global, unbiased approaches, such as RNAseq and whole cell 392 proteomics may reveal additional host cell factors that are dysregulated via the 393 pUS28:c-fos signaling axis. Indeed, these downstream events may provide an 394 additional mechanism by which HCMV regulates the host cell during latency. 395
396
Our data also reveal that pUS28-mediated signaling is important for maintaining 397 latency, through the regulation of c-fos in both a G-protein coupling-and ligand binding-398 dependent fashion. The data we present herein agree with previous findings, which 399 showed that US28-R129A (G-protein coupling domain point mutant) expression in THP-400 1 cells was unable to restore lytic gene suppression after infection with HCMV Titan-401 US28Δ virus (38) . However, the role of ligand-mediated pUS28 signaling still remains 402 unclear. Overexpression of the US28-Y16F ligand binding mutant in THP-1 cells 403 suppresses lytic gene expression after infection with HCMV Titan-US28Δ virus (38) . It is 404 plausible that we have yet to identify a complete list of US28 ligands, thus perhaps the 405 US28-Y16F mutant retains some ligand responsiveness, while the US28Δ mutant is 406 completely devoid of such interactions. 407
Although US28 is linked to a variety of signaling pathways during lytic infection of 409 different cell types (54), this is the first report that directly links pUS28 to c-fos signaling. 410
Consistent with our findings, pUS28 expression in undifferentiated THP-1 cells 411 attenuates MAP kinase signaling (38) , a pathway that activates c-fos (57). Conversely, 412 pUS28 activates this same pathway in differentiated THP-1 cells (38, 58, 59) , which 413 support lytic rather than latent infection. In line with this observation, we confirmed that 414 pUS28's repressive effect on the MIEP, via c-fos attenuation, is specific to 415 undifferentiated myeloid cells that support latency, and does not occur in differentiated 416 myeloid cells that support lytic infection. Whether MAP kinase signaling via pUS28 417 contributes to c-fos attenuation during the context of latent infection remains unknown, 418 though it is attractive to hypothesize that pUS28's impact on MAP kinase results in the 419 downstream effects on c-fos expression we have observed. Furthermore, while it is 420 possible that the alterations in the cellular environments between these different 421 differentiation states of myeloid cells might explain the variations in US28 signaling 422 activity, such conclusions remain tenuous. 423
424
How else might US28 repress the MIEP in myeloid progenitor cells? Given that 425 pUS28 modulates a variety of signaling pathways during lytic infection (54), it is likely 426 that future investigations will reveal additional pUS28-mediated cellular signaling 427 pathways, some of which may aid in suppressing robust lytic gene transcription. In 428 addition to MAP kinase signaling in THP-1s (38) , US28 also activates signal transducer 429 and activator of transcription 3-inducible nitric oxide synthase (STAT3-iNOS) in CD34+ 430 cells (60) and PLC-β in THP-1s (61). How these pathways, along with others, might affect transcriptional suppression of the virus during latency in undifferentiated myeloid 432 cells remains elusive. 433
Our findings described herein detail one specific mechanism by which pUS28 435 modulates the host cell environment to influence HCMV latency. Further work focused 436 on understanding additional pUS28 activities during latent infection is essential to 437 developing therapeutic targets aimed at preventing viral reactivation. 
